Galectin-9, a ␤ -galactoside binding lectin, has recently been isolated from murine embryonic kidney. In this study, its biological functions and expression in embryonic, newborn, and adult mice tissues were investigated. By Northern blot analyses, it was found widely distributed and its expression was developmentally regulated. In situ hybridization studies revealed an accentuated expression of galectin-9 in liver and thymus of embryonic mice. In postnatal mice, antigalectin-9 immunoreactivity was observed in various tissues, including thymic epithelial cells. The high expression of galectin-9 in the thymus led us to investigate its role in the clonal deletion of thymocytes. Fusion proteins were generated, which retained lactose-binding activity like the endogenous galectin-9. Galectin-9, at 2.5 M concentration, induced apoptosis in ‫ف‬ 30% of the thymocytes, as assessed by terminal deoxytransferase-mediated dUTP nick end labeling method. The apoptotic effect was dose dependent and lactose inhibitable. At higher concentrations, it induced homotypic aggregation of the thymocytes. Electron microscopy revealed ‫ف‬ 60% of the thymocytes undergoing apoptosis in the presence of galectin-9. By immunofluorescence microscopy, some of the thymocytes undergoing apoptosis had plasmalemmal bound galectin-9. Galectin-9 failed to induce apoptosis in hepatocytes. Taken together, these findings indicate that galectin-9, a developmentally regulated lectin, plays a role in thymocyte-epithelial interactions relevant to the biology of the thymus. ( J. Clin. Invest. 1997. 99:2452-2461.)
Introduction
Specific interactions between carbohydrate moieties and their putative binding proteins (i.e., lectins) play a critical role in various developmental, physiological, and pathologic processes (1) . Mammalian lectins are classified into four categories, C-type lectins (including selectins), P-type lectins, pentraxins, and galectins (2, 3) . Galectins seem to be highly conserved, since they have been found in animals low in the evolutionary phylogeny, including poriferans and nematodes (4, 5) . To date, 10 members of lactose binding mammalian galectins have been cloned, sequenced, and functionally characterized, and they include galectin-1 (6), -2 (7), -3 (8), -4 (9), -5 (10), -6 (10), -7 (11, 12) , -8 (13), -9 (14) , and -10 (15-17). Galectin-9 has two carbohydrate binding domains, which are structurally related to galectin-4 and -8. The carbohydrate binding domains are connected by a link peptide. Interestingly, a long splicing isoform of galectin-9, exclusively expressed in the small intestine, has a 31 amino acid insertion between the NH 2 -terminal carbohydrate binding domain and its link peptide (14) .
Like other mammalian lectins, the galectins have been implicated in diverse biological processes, including modulation of cell-cell and cell-matrix interactions. Among the various galectins, galectin-1 and -3 have been well studied. Galectin-1 has been shown to bind with laminin and to inhibit cell-matrix interactions (18) , which are mediated via the laminin receptor integrin ␣ 7 ␤ 1 (19) . Galectin-1 also plays a role in cell proliferation (20) , cell migration (21) , immunologic modulation and apoptosis in PHA-stimulated peripheral T cells (22, 23) , carcinogenesis (24), and embryogenesis (25) . Galectin-3 recognizes certain specific ligands (e.g., IgE, reference 26 and laminin, reference 27), and mediates a multitude of biological functions, including bacterial colonization (28) , superoxide production of neutrophils (29) , acting as a pre-mRNA-splicing factor (30) , regulation of T cell growth and apoptosis (31) , and carcinogenesis (32). Activity of galectin-3 is itself modulated by metalloproteinases 2 and 9 (33) and tissue-type transglutaminase (the latter is involved in cross-linking and oligomerization processes) (34) . These rapidly accumulating literature data imply that the galectins are essential macromolecules that, conceivably, are relevant in diverse biological functions involving interactions of cell surface-associated saccharide chains and extracellular matrix glycoproteins.
In this investigation, some of the functional characteristics of galectin-9 were studied. The expression of galectin-9 was determined in various embryonic and adult tissues by Northern analyses, in situ hybridization, and immunofluorescence microscopy. In addition, the role of galectin-9 in thymocyteepithelial/stromal cell interactions was investigated since it was found to be highly expressed in the thymus and developmentally regulated.
Methods
Northern blot analyses. Analyses were performed on total RNA isolated from various tissues of fetal and adult ICR mice (Harlan Sprague Dawley, Inc., Indianapolis, IN), as described previously (14, 35) . In brief, 30 g of total RNA of each organ was glyoxalated, subjected to 1% agarose gel electrophoresis, transferred to a nylon membrane (Amersham Corp., Arlington Heights, IL), and hybridized with [ ␣ In situ hybridization. In situ hybridization was carried out as previously described (35) . Whole mouse embryos (day 13) were fixed in 4% phosphate-buffered paraformaldehyde solution at 4 Њ C for 12 h. The organs of adult mice were harvested after intracardiac perfusion with 4% paraformaldehyde, and allowed to fix at 4 Њ C for 3 h. Tissues were embedded in paraffin, 3-m-thick sections prepared and mounted on RNase-free glass slides. Sections were deparaffinized, hydrated, digested with proteinase K, treated with triethanolamineacetic anhydride, and rehydrated. Plasmid vector pBluescript KS( ϩ ) (Stratagene Inc., La Jolla, CA), containing mouse galectin-9 cDNA insert (14) , was linearized by restriction enzymatic digestion with BamHI and XhoI. Antisense and sense riboprobes were synthesized by incorporating [ ␣ 33 P]dUTP (Amersham Corp.), using T7 and T3 RNA polymerase (Promega Corp., Madison, WI). Finally, the tissue sections were hybridized with galectin-9 riboprobe at 50 Њ C for 18 h, coated with NTB2 photographic emulsion (Eastman Kodak Co., Rochester, NY), and developed after 1-2 wk exposure.
Generation of antibody, immunoprecipitation, ELISA, Western blot analysis and immunohistochemistry. A polyclonal antibody was raised by immunizing rabbits with a synthetic peptide, KTQNFRP-AHQAPMAQT; its sequence was derived from the link peptide of mouse galectin-9 (14) . An additional lysine residue at the NH 2 -terminus was used for conjugation of the peptide to keyhole limpet hemocyanin. To assess the specificity of the antibody, immunoprecipitation, ELISA, and Western blot analyses were performed.
For immunoprecipitation experiments, newborn mouse thymuses were radiolabeled in vivo by an intraperitoneal injection of [ 35 S]methionine (50 Ci/g body wt) (Amersham Corp.). After 24 h, the thymuses were harvested, homogenized in Tris-DTT buffer (20 mM Tris, pH 7.4, 5 mM EDTA, 150 mM sodium chloride, 1 mM DTT, 10 mM benzamidine, 10 mM ⑀ -amino-n -caproic acid, 2 mM phenylmethanesulfonyl fluoride, 1% Triton X-100) (14, 35) , and sonicated. The homogenates were centrifuged at 10,000 g for 30 min at 4 Њ C, and the supernatants were applied to lactosyl-Sepharose columns (Sigma Chemical Co., St. Louis, MO) and eluted with 0.2 M lactose in Tris-DTT buffer. Immunoprecipitation was performed by adding 10 l of antimouse galectin-9 antibody to 0.5 ml of eluate, containing ‫ف‬ 0.5 ϫ 10 Ϫ 6 dpm. The eluate/antibody mixture was gently swirled in an orbital shaker for 18 h. Protein A Sepharose 4B (Pharmacia LKB Biotechnology, Piscataway, NJ) was added to the antibody/galectin-9 complex and mixed for 2 h. Subsequently, the pellets were prepared by microfuging the complexes and washing four times with Tris-DTT buffer. The immunoprecipitated complexes were then dissolved in a sample buffer and subjected to 12.5% SDS-PAGE under reducing conditions. The gels were fixed in 10% acetic acid, treated with 1 M salicylic acid, dried, and autoradiograms prepared. Preimmune serum was used as a control to verify the specificity of the antibody.
The specificity of the antigalectin-9 antibody was also determined by ELISA (36, 37) . Wells of RIA/EIA titer plates (Corning Costar Corp., Cambridge, MA) were coated with 50 l of synthetic peptide solution (100 g/ml) in 20 mM NaHCO 3 , pH 9.0. The plates were allowed to dry overnight at 37 Њ C. 100 l of ice cold methanol was added to each well the next day and allowed to evaporate for 2 h at 37 Њ C. To reduce nonspecific binding of the antibody, 200 l BSA solution (5 mg/ml), prepared in PBS, was added, and plates left at 22 Њ C for 1 h. The wells were washed twice with PBS, and 500 g of the antibody (IgG fraction) in 50 l BSA-PBS (100 g/ml) solution was added to the first well. Log dilutions of the antibody were made in successive wells and incubation was carried out with gentle shaking for 90 min. Wells were rewashed three times with PBS containing 0.05% Tween-20. Then, horseradish peroxidase-conjugated goat anti-rabbit IgG (ICN Biomedicals Inc., Costa Mesa, CA) diluted 1:1,000 in BSA-PBS solution was added and incubation was extended for 60 min. After another three washes with Tween-20, 100 l TMB solution, containing nine parts of 3, 3 Ј , 5, 5 Ј -tetra-methylbenzidine and one part H 2 O 2 (Bio-Rad Laboratories, Hercules, CA) was added. For color development, the plates were left in the dark for 30 min. The colorimetric reaction was stopped by the addition of 100 l 0.3 M H 2 SO 4 . Finally, readings at OD 490 were made and plotted against log dilutions of the antibody.
For competitive inhibition ELISA assay, 250 g of recombinant galectin-9 (vide infra) was added in the first well of the peptidecoated titer plate as a competitive antigen along with 0.5 g of the antibody in 50 l of the PBS-BSA solution. Log dilutions of the antigen were made in successive wells, while the antibody concentration was kept constant. Conditions for incubation with secondary antibody and colorimetric reactions were the same as described above. Readings at OD 490 were made and plotted against the log dilutions of the antigen.
The specificity of the antibody was confirmed by Western blot analyses (38) . Tissues with varying degrees of galectin-9 mRNA expression (i.e., brain, liver, and thymus) were used. Tissue extracts were prepared as described above, and they were applied to lactosyl-Sepharose columns and eluted with 0.2 M lactose. Protein concentration in the eluates was adjusted to 50 g/ml, and they were subjected to 12.5% SDS-PAGE under reducing conditions. Gel proteins were electroblotted to a nitrocellulose membrane (NCM) 1 in a transfer buffer made up of 25 mM Tris-HCl, 192 mM glycine, and 20% methanol, pH 8.3, at 4 Њ C. The NCM blot was then immersed in a blocking solution containing 4% nonfat milk and Triton X-100 TBS (0.5% Triton X-100, 0.1 M Tris, 0.15 M NaCl, pH 7.5), followed by successive incubations, 60 min each, with antigalectin-9 antibody (1:100 dilution) and goat anti-rabbit IgG conjugated with horseradish peroxidase (1:1,000 dilution) at 37 Њ C. The NCM blot was washed three times with Triton X-100 TBS, and then immersed in a chemiluminescent reagent (Bio-Rad Laboratories) for 1 min. After removing the excess reagent, specific chemiluminescence was detected by making a 1-5 min contact of the NCM blot with x-ray film (Eastman Kodak Co.), followed by its development.
After confirming the specificity of the antibody, immunofluorescence microscopy was performed on tissues from 3-wk-old mice as described (35) . Briefly, the mice were anesthetized and perfused with warm (37 Њ C) PBS for 1 min via intracardiac route to flush out the blood from various organs. 4-m-thick cryostat sections of various tissues were prepared and successively incubated with anti-mouse galectin-9 and FITC goat anti-rabbit IgG antibody (ICN Biomedicals, Inc.), and examined with an ultraviolet microscope equipped with epi-illumination.
Expression and purification of recombinant proteins. Expression of recombinant protein with COOH-terminal c-myc -(His) 6 -tag for mouse galectin-9 was carried out by using pTrcHis2 vector (Invitrogen Corp., San Diego, CA) as described in our previous publication (14) . For mouse galectin-3, cDNA containing an entire coding segment was generated by PCR using mouse newborn kidney cDNA. The primers for galectin-3 were: 5 Ј -GCACAGAGAGCATAC-CCAGG-3 Ј and 5 Ј -CTTCTGGCTTAGATCATG-3 Ј (26). The PCR product of galectin-3 was subcloned into pCR ™ II vector (Invitrogen Corp.) and sequenced. The cDNA inserts of mouse galectin-3 and -9 were reamplified using the following primer sets: 5 Ј -GGGGGGG-GATCCAATGGCAGACAGCTTTTCG-3 Ј and 5 Ј -GGGGGGAA-GCTTGATCATGGCGTGGTTAGC-3 Ј for galectin-3; 5 Ј -GGGGGG-GGATCCGATGGCTCTCTTCAGTGCC-3 Ј and 5 Ј -GGGGGGAA-GCTTTGTCTGCACGTGGGTCAG-3 Ј for galectin-9, to introduce BamHI and HindIII restriction sites, as underlined. These PCR products were digested with BamHI and HindIII, gel purified, and ligated into pTrcHis2A plasmid (Invitrogen Corp.) to generate galectin-3 (pTrcHis2/G3) and -9 (pTrcHis2/G9) constructs. The constructs were transfected into the TOP 10 bacterial host (Invitrogen Corp.), and sequenced to ensure the proper in-frame ligation and Taq polymerase fidelity. The bacteria were allowed to grow in 1 liter of Luria broth media until an OD 600 of 0.6 was achieved. Expression of fusion proteins was induced with addition of 1 mM IPTG (isopropyl-␤ -D ( Ϫ )-1. Abbreviations used in this paper: NCM, nitrocellulose membrane; TUNEL, terminal deoxytransferase-mediated dUTP nick end labeling. thiogalactopyranoside), and further cultured for 5 h. To isolate recombinant proteins, bacterial pellets were prepared and the cells were suspended in 100 ml of either MEPBS buffer (PBS with 4 mM ␤ -mercaptoethanol, 2 mM EDTA) (10, 13) or Tris-DTT buffer (20 mM Tris, pH 7.4, 5 mM EDTA, 150 mM sodium chloride, 1 mM DTT) (28) containing 1.25% Triton X-100, 10 mM benzamidine, 10 mM ⑀ -amino-n -caproic acid, and 2 mM phenylmethanesulfonyl fluoride. The cells were lysed by sonication and the lysate was centrifuged at 20,000 g at 4 Њ C for 30 min. The supernatants were applied to a 10-ml lactosyl-Sepharose column, unbound proteins were washed and fusion proteins were eluted either with MEPBS buffer or Tris-DTT buffer containing 200 mM lactose. 1-ml fractions were collected and the protein concentration was determined by the Bradford method, using a BIO-RAD protein assay kit (Bio-Rad Laboratories). The purified recombinant proteins were suspended in a sample buffer (4% SDS, 150 mM Tris-HCl, pH 6.8, 20% glycerol, 0.1% bromophenol blue, 1% ␤ -mercaptoethanol), resolved by 12.5% SDS-PAGE, and visualized after staining with Coomassie blue.
Mouse thymocyte and hepatocyte culture and apoptosis assay. For isolation of thymocytes, thymuses from 3-4-wk old CD1 mice were harvested, and single cell suspensions were prepared by passage through a steel mesh (#300; Bellco Glass, Inc., Vineland, NJ). The cell suspension was subjected to Ficoll-Paque (Pharmacia LKB Biotechnology) gradient centrifugation at 400 g for 30 min to enrich viable thymocytes, which were then used for the apoptosis assay.
The isolation of hepatocytes was carried out as previously described (39) . Briefly, liver was perfused in situ via abdominal aorta with calcium-free buffer (150 mM NaCl, 6.7 mM KCl, 10 mM Hepes, and 2 mM EDTA, pH 7.4) for 1 min, followed by perfusion with collagenase buffer (67 mM NaCl, 6.7 mM KCl, 4.7 mM CaCl 2 , 100 mM Hepes, 260 U/ml collagenase [Worthington Biochemical Corp., Freehold, NJ], pH 7.2) for 30 min at 37 Њ C. The liver was isolated and gently teased with a pair of forceps in a petri dish while gentle shaking on an orbital shaker dispersed the hepatocytes. A single cell suspension of the hepatocytes was prepared by passage through a 110-size steel mesh (Bellco Glass, Inc.), which retained the undigested liver fragments. The cell suspension was washed with DMEM containing 10% fetal bovine serum, and cultured in collagen-coated 35-mm petri dishes (Corning Costar Corp.) at 37 Њ C. After a 15-h incubation, the unattached cells were removed by washing with DMEM, and the viable attached cells, which excluded trypan blue, were used for the apoptotic assay.
Chemical agents used as stock solutions in the apoptosis assay included the following: 2 mM dexamethasone in ethanol, 10 mM camptothecin in DMSO, and purified recombinant galectin-3 and -9 were prepared by dialyzing four times against 1,000 vol RPMI 1640 ϩ 3 mM DTT at 4 Њ C, and the reagents were stored at Ϫ 70 Њ C until further use. Thymocytes (5 ϫ 10 6 /ml) were cultured for 0-6 h in RPMI 1640 medium (Sigma Chemical Co.), supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 3 mM DTT. Dexamethasone (1 M), camptothecin (10 M), galectin-3 (20 M), and galectin-9 (0.1-20 M) were individually added into the culture media. To competitively inhibit the binding of galectin-9, lactose (10-200 mM) was added to the culture media, and sucrose was used as a control. The concentrations of lactose and sucrose used were derived from the competitive inhibition studies on galectin-1 and -3 (22, 32) . Thymocytes were harvested after 0, 2, 4, and 6 h of exposure to various agents, and subjected to terminal deoxytransferase-mediated dUTP nick end labeling (TUNEL) reaction (40, 41) , and washed two times with PBS/1% BSA at 4 Њ C. After adjusting the cell concentration to 1-2 ϫ 10 6 /100 l, they were fixed in PBS-buffered 2% paraformaldehyde. The cells were then washed with PBS, permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice, and rewashed. The TUNEL reaction was carried out by incubating the cells in a moist chamber for 1 h at 37 Њ C with 50 l TUNEL reaction mixture, the latter included FITC-dUTP and terminal deoxytransferase (In Situ Cell Death Detection Kit; Boehringer Mannheim Biochemicals, Indianapolis, IN). Fluorescence and light micrographs were prepared. Approximately 500 cells from each sample were examined in randomly selected fields, and the percentage of cells undergoing apoptosis was determined. The experiments with TUNEL reactions were repeated twice, and determinations were made in triplicates. Similarly, the apoptosis assay was performed on the isolated hepatocytes (2 ϫ 10 5 /ml) with varying concentrations (0.1-20 M) of galectin-9, except that DMEM was used instead of RPMI 1640.
Simultaneous detection of apoptotic cells and thymocyte-bound recombinant galectin-9 was performed on galectin-9-treated (2.5 M) cells in the presence and absence of 200 mM lactose as follows: galectin-9-treated thymocytes were washed with PBS containing 1 mM DTT, incubated with 1:100 diluted antigalectin-9 antibody for 30 min at 4 Њ C and after another wash the cells were reincubated with rhodamine-conjugated anti-rabbit IgG antibody (ICN Biochemicals Inc.) for 30 min at 4 Њ C; subsequently, they were subjected to TUNEL reaction. In addition, control and galectin-9-treated thymocytes were harvested after 6 h, immersed in Karnovsky's glutaraldehydeparaformaldehyde fixative, and processed for electron microscopy.
Results
Gene expression of galectin-9 in various embryonic and adult mouse tissues. By Northern blot analyses, a single ‫ف‬ 2-kb transcript was observed that was highly expressed in adult thymus, small intestine, and liver, and to a lesser extent in lung, kidney, spleen, cardiac, and skeletal muscle (Fig. 1 ). In contrast, the expression in the brain was barely detectable. The Figure 1 . Northern blot analyses of galectin-9. Total RNA, isolated from embryonic and adult tissues, were blotted onto a nylon membrane and hybridized with [ 32 P]dCTP-labeled galectin-9 and ␤-actin cDNA. A single transcript of ‫ف‬ 2 kb is observed and the expression levels in the adult tissue are as follows: small intestine, thymus, and liver Ͼ lung, kidney, cardiac, and skeletal muscle Ͼ brain. During embryonic development, increasing mRNA expression is observed in heart, brain, lung, liver, and kidney.
transcript was also seen in various fetal tissues (i.e., heart, brain, lung, liver, and kidney) and its expression increased with successive stages of embryonic development extending into the postnatal period; i.e., 13-and 17-d embryos to newborn and 3-wk-old mice (Fig. 1) . The ␤-actin expression remained constant during the various stages of gestation and in the postnatal period.
To further assess the galectin-9 mRNA expression in embryonic tissues, sections of whole embryo (13-d gestation) were prepared, and in situ hybridization was performed with sense and antisense riboprobes. Abundant mRNA expression was observed in the thymus and liver (Fig. 2 A, b, e, g, and i) . The mRNA expression was seen in few fetal erythrocytes trapped in the intracardiac space (Fig. 2 A, h) . In other embry- onic tissues (i.e., lung, heart, kidney, and small intestine), the expression was low but detectable when compared with the signal over the control tissues hybridized with sense riboprobe (Fig. 2 A, e vs. f) . In adult tissues, galectin-9 mRNA expression was seen in the hepatocytes (Fig. 2 B, a and b) , epithelial cells of small intestine (Fig. 2 B, g and h) , and glomerular and tubular cells of the renal cortex (Fig. 2 B, d and e) . The expression of galectin-9 in the renal medullary tubules was low. Galectin-9 expression was also observed in cardiac and skeletal muscle cells (not shown).
Specificity of the antigalectin-9 antibody and protein expression in various tissues. Specificity of the antibody was ascertained by four different methods, ELISA, competitive inhibition ELISA, immunoprecipitation, and Western blot analyses. In the ELISA assay, a fixed amount of antigen (i.e., synthetic peptide) and serial log dilutions of the antibody were used. With increasing dilutions of the antibody, a proportionate decrease in OD 490 readings was observed (Fig. 3 B, solid line) . In the competitive inhibition ELISA assay, a fixed amount of diluted antibody (1:000) along with serial log dilutions of the competitive antigen (i.e., recombinant galectin-9) were added into the wells of the titer plate coated with the synthetic peptide. With increasing dilutions of the competitive antigen, a proportionate increase in OD 490 readings was observed (Fig.  3 B, dotted line) , documenting the specificity of antigalectin-9 antibody.
SDS-PAGE analysis of [ 35 S]methionine-labeled thymic proteins, immunoprecipitated with antigalectin antibody, revealed a single ‫ف‬ 36-kD band (Fig. 3 C, lane 1) . No band was seen when immunoprecipitation was carried out with preimmune serum (Fig. 3 C, lane 2) . Western blot analyses revealed a single ‫ف‬ 36-kD band in the liver (Fig. 3 D, lane 2) and thymus ( Fig. 3 D, lane 3) extracts. No band of chemiluminescence could be seen in the brain extract (Fig. 3 D, lane 1) , suggesting undetectable or extremely low expression of galectin-9 in the neuronal tissues, similar to that observed by Northern blot analyses. The results of these four methods clearly establish the specificity of antigalectin-9 antibody.
By immunofluorescence microscopy, galectin-9 was also found widely distributed in various tissues. Besides its intracellular localization, it was highly expressed on the plasmalemma of certain epithelial cells, suggesting that like other galectins it was probably externalized by some nonclassical mechanism as proposed by Barondes et al. (3) and Cooper and Barondes (42) . In contrast with the diffuse mRNA expression of galectin-9 in the adult liver, the immunoreactivity of the antibody was confined to the cell surfaces of the hepatocytes, especially on the sinusoidal front (Fig. 4, a-c) . In the renal cortex, a diffuse staining of the tubular cells was observed; however, the medullary tubules exhibited low immunoreactivity (Fig. 4 d) . Figure 6 -tagged recombinant galectin-9 and -3. A pTrcHis2A plasmid vector and Top 10 E. coli were used for generation of fusion proteins, the latter were purified by lactosyl-Sepharose chromatography in the presence of either ␤-mercaptoethanol (lanes 1, 3, and 5) or DTT (lanes 2, 4, and 6 ). Total bacterial lysates were loaded in lanes 1 and 2, purified galectin-9 in lanes 3 and 4, and galectin-3 in lanes 5 and 6. The galectin-9 is identified by a protein band of ‫ف‬ 39 kD (lanes 3 and 4) , which includes a 2.5-kD c-myc-(His) 6 tag. The galectin-3 has a band ‫ف‬ 36 kD (lanes 5 and 6). (B) ELISA and competitive inhibition ELISA profiles of galectin-9 antibody and recombinant galectin-9. A decrease in OD 490 readings is observed with increasing log dilutions of antigalectin-9 antibody (solid line), while an increase in OD 490 readings is observed with increasing log dilutions of the competitive antigen; i.e., recombinant galectin-9 (dotted line). (C) SDS-PAGE autoradiogram of endogenous de novo synthesized and immunoprecipitated galectin-9. Newborn mice were radiolabeled with [ 35 S]methionine and thymuses were harvested, homogenized, and subjected to lactosyl-Sepharose chromatography followed by immunoprecipitation with antigalectin-9 antibody. The de novo synthesized native galectin-9 is visualized as a band of M r ‫ف‬ 36 kD (lane 1) as indicated by the arrow. The arrow head indicates the point of application. No band is seen when preimmune serum was used for immunoprecipitation (lane 2). (D) Western blot (immunoblot) analyses of protein extracts of brain, liver, and thymus. The tissues were harvested, homogenized, and subjected to lactosyl-Sepharose chromatography followed by SDS-PAGE. The proteins were electroblotted onto a nitrocellulose membrane. The blot was successively immersed in solutions containing antigalectin-9 antibody and horseradish peroxidase anti-rabbit IgG. The blotted proteins were then detected by chemiluminescence method. A band of M r ‫ف‬ 36 kD is seen in the liver and thymic extracts (lanes 2 and 3) . The band is undetectable in the brain extract (lane 1), suggesting an extremely low expression of galectin-9 in the neuronal tissue.
(A) SDS-PAGE analysis of c-myc-(His)
The arterioles and intertubular capillaries of both the medulla and cortex exhibited a moderate degree of galectin-9 expression (Fig. 4 e) , and its expression was seen in the glomerular mesangium as well (Fig. 4 f) . In small intestine, the epithelial cells exhibited intense immunoreactivity (Fig. 4, g-i) . The expression was relatively high in the apical regions of the cells lining the crypts, as seen in the high magnification micrograph of the intestine (Fig. 4 i) . These findings are in line with the in situ data that indicate a relatively high mRNA expression of galectin-9 in the epithelial cells lining the crypts of the small intestine (Fig. 2 B, h ). In the thymus, galectin-9 was expressed in the stromal/epithelial cells (Fig. 4, j-l) . The immunoreactivity was seen as a reticulum network outlining the dendritic processes of the stromal/epithelial cells of the thymus (Fig. 4 l) . Skeletal and cardiac myocytes also expressed galectin-9 (not shown). Collectively, the expression profile data indicate that galectin-9 is widely distributed in various cell types of mammalian tissues.
Generation of recombinant galectin-9 and apoptosis assays. Since galectin-9 was highly expressed in the thymus, one may envision the role of galectin-9 in thymocyte-stromal cell interactions during embryonic life. With this possibility in mind, recombinant galectin-9 (r-galectin-9) was prepared to study the developmental processes relevant to the biology of the thymus (e.g., apoptotic clonal deletion of the thymocytes) since most thymocytes gradually undergo apoptosis. The latter could be mediated via interactions between thymocytes and thymic stromal cells.
In the Escherichia coli host, IPTG-inducible expression of r-galectin-9 and -3 was observed within 5 h. The SDS-PAGE analyses of the transfected and nontransfected E. coli lysates, prepared in the presence of ␤-mercaptoethanol or DTT, revealed multiple bands (Fig. 3 A, lanes 1 and 2) . The lactosylSepharose column-purified galectin-9 and -3 revealed ‫ف‬ 39-and 36-kD-size bands, respectively, by SDS-PAGE analyses, and their molecular weights included 2.5-kD c-myc-(His) 6 -tag. These data suggested that the recombinant proteins have comparable molecular size and they retain lactose binding activity, and thus are suitable for functional studies.
For the apoptosis assay, mouse thymocytes were isolated by Ficoll-Paque gradient, and incubated with r-galectin-9 and known thymocyte apoptosis inducers (i.e., dexamethasone and camptothecin), which are endowed with differential potencies and served as positive controls (40) . Additional controls included incubation of thymocytes either with galectin-3 or -9 ϩ 10-200 mM lactose. To assess apoptosis, an in situ TUNEL reaction was performed. In the untreated control, 4-5% of the thymocytes exhibited apoptosis at 0-6 h in culture (Fig. 5, A, a  and B, a and b) . At 6 h, 40.7Ϯ7.2% of thymocytes exhibited apoptosis in the presence of 1 M dexamethasone (Fig. 5, A, a  and B, c and d) . Camptothecin (10 M) had a marginal apoptotic effect (10.7Ϯ1.8%) (Fig. 5, A, a and B, e and f) .
Treatment of thymocytes with various concentrations of r-galectin-9-induced dose-and time-dependent apoptosis (Fig.  5 A, a and b) . At 2.5 M, a maximal effect was observed, and 26.6Ϯ2.7% of thymocytes exhibited apoptosis. A mild degree of aggregation of the thymocytes was also observed at this concentration (Fig. 5 B, g and h) . The aggregation or agglutination of thymocytes was accentuated at 10-and 20-M concentration of galectin-9 in the culture medium (Fig. 5 B, i-l) . At 20-M concentration of r-galectin-9, extensive agglutination of the thymocytes was observed (Fig. 5 B, k and l) . Galectin-9-induced apoptosis was competitively inhibited by lactose in a dose-dependent (10-200 mM) manner, while sucrose did not exhibit any significant effect (Fig. 5 A, a and c) . Lastly, inclusion of 20 M of r-galectin-3 into the culture did not increase apoptosis from control basal levels (Fig. 5 A, a) .
By electron microscopy, ‫ف‬ 60% of the thymocytes exhibited apoptosis with the inclusion of 2.5 M r-galectin-9 in the culture medium (Fig. 5 C, b vs. a) , and the degree of apoptosis Figure 4 . Low and high magnification immunofluorescence micrographs of various mouse tissues stained with specific polyclonal anti-mouse galectin-9 antibody, directed against the link peptide. In liver, galectin-9 is localized in the hepatocyte (a and b), especially on the sinusoidal front (c, arrows). In kidney, galectin-9 is seen on the cortical tubules and intertubular capillaries, especially of the medulla (d). The galectin-9 reactivity is also seen in the blood vessels (e, v) and glomerular mesangium (f, arrow). In small intestine, epithelial cells of the crypts are intensely stained with antigalectin-9 antibody (g-i). The immunoreactivity is readily seen in the luminal surface of the cells lining the crypts (i, arrows). In thymus, thymic epithelial/ stromal cells display immunoreactivity in the cortex and medulla (j and k). The reactivity of galectin-9 in the stromal cells and their dendritic processes is readily seen in l (arrows).
appeared to be similar to that induced by dexamethasone (not shown). Apoptotic bodies in the various stages of development were frequently observed. Most of them were made up of a single uniformly condensed chromatin mass, while other cells had two to three discrete globular fragments of the condensed chromatin (Fig. 5 C, b) . In addition, several nuclear crescents of peripheral compacted chromatin were observed (Fig. 5 C, b,  arrows) . Also, many thymocytes in advanced stages of apoptosis exhibited quite an extensive damage to their nuclear and cytoplasmic membranes. Such a loss of membrane integrity could lead to a leakage of the TUNEL reaction product, and this may account for the relatively low number of apoptotic cells detected by this method compared with electron microscopy. In the control, an occasional apoptotic body was seen (Fig. 5 C, a, arrow) .
To elucidate the binding of r-galectin-9 to the cell surfaces, thymocytes were exposed to r-galectin-9 for 5 h in the presence or absence of 0.2 M lactose, and then successively exposed to antigalectin-9 and anti-rabbit IgG conjugated with rhodamine. Subsequently, the thymocytes were fixed with 2% paraformaldehyde, and an in situ TUNEL reaction was performed. A uniform plasmalemmal binding of r-galectin-9 with thymocytes was observed (Fig. 5 D, red) . No binding of r-galectin-9 was seen in the thymocytes incubated in the presence of 0.2 M lactose (not included). Many thymocytes undergoing apoptosis were observed (Fig. 5 D, green) . In addition, some of the thymocytes exhibiting apoptosis had plasmalemmal-bound galectin (Fig. 5 D, yellow) , suggesting that the apoptosis ensued after the binding of galectin-9. Conceivably, the thymocytes exhibiting only green fluorescence may represent the later stages of apoptosis when the cell membrane integrity has already been compromised and the galectin is no longer bound to the cell. Alternatively, since the plasmalemma and the nucleus are not in the same plane of focus, both processes, binding of galectin-9 and apoptosis, may be difficult to visualize in the same cell.
To assess whether or not the galectin-9-induced effect is restricted to thymocytes, apoptosis in hepatocytes, which exhibit a high degree of expression, was studied. No significant apoptosis was observed in the hepatocytes with the exposure of r-galectin-9, up to a concentration of 20 M, for 6 h in culture (Fig. 5 A, b) .
Discussion
The results of this investigation indicate that galectin-9, like galectin-1, -3, and -8 (3), is widely distributed in various tissues with a variable degree of expression. However, literature data documenting the spatio-temporal expression of galectins during various stages of the embryonic development is rather sparse. The fact that galectin-9 exhibits temporal expression in various tissues during different stages of the gestation suggests that it, conceivably, plays a role in the embryonic development of various organ systems. Such a vital role of galectins needs to be explored, and it is very likely that the subject matter of developmental biology of the galectins will be an exciting area of future investigations since these molecules are involved in cell-cell and cell-matrix interactions, critical processes guiding the morphogenesis of various organs, including kidney, lung, and mammary, salivary, and prostate glands.
With respect to embryonic development, the data of in situ hybridization studies on the 13-d mouse embryo revealed an exuberant expression of galectin-9 mRNA in the developing thymus and liver. The abundance of galectin-9 mRNA in the liver and thymus persisted throughout the neonatal and postnatal periods. Such an accentuated expression in the liver and thymus was also observed by immunofluorescence, where a specific polyclonal antibody raised against the unique link peptide of the galectin-9 was used. Such an exclusively high expression of galectin-9 in the thymus during embryonic life has not been reported for any other known galectin (3, 25) . The fact that the thymus had a persistently high galectin-9 gene and protein expressions, especially in the thymic epithelial (stromal) cells, led us to believe that galectin-9 may be relevant to the immunobiology of the thymocyte (e.g., thymocyte-stromal/epithelial cell juxtacrine/paracrine interactions) and thymocyte apoptosis.
Apoptosis, or programmed cell death, constitutes a series of biological events leading to a deliberate elimination of cells to maintain proper homeostasis during embryonic development (43) . In particular, it plays a vital role in the clonal deletion or negative selection of selfreactive T cells during thymocyte development, since the vast majority of cortical thymocytes (97%) die in the thymus and only 3% are positively selected and migrate to the peripheral circulation. During this clonal Figure 5 . Apoptosis profiles of mouse thymocytes and hepatocytes. (A) Thymuses were harvested from 3-4-wk-old mice, and thymocytes were purified by Ficoll-Paque gradient and individually exposed to 1 M dexamethasone (DEX), 10 M camptothecin (CAM), 2.5 M galectin-9 (G9), 2.5 M galectin-9 ϩ 0.2 M lactose (G9.Lac), and 20 M galectin-3 (G3). Apoptotic thymocytes were detected by TUNEL method using FITC dUTP. Galectin-9 induces thymocyte apoptosis in a time-dependent (a), dose-dependent (b), and lactose-inhibitory manner, and the effect is as follows: dexamethasone Ͼ galectin-9 Ͼ camptothecin (a). The hepatocytes, isolated by the method of Seglen (39), do not exhibit any significant apoptosis upon exposure to galectin-9 (b). The apoptosis in thymocytes is inhibitable with lactose in a dose-dependent manner (c), while it is not inhibited by sucrose. (B) Fluorescence micrographs (a, c, e, g, i, and k) and light micrographs (b, d, f, h, j, and l) of control cells (a and b), and thymocytes treated for 6 h with dexamethasone (c and d), camptothecin (e and f), 2.5 M galectin-9 (g and h), 10 M galectin-9 (i and j), 20 M galectin-9 (k and l), and subjected to TUNEL procedure to detect apoptotic cells. Galectin-9-treated thymocytes exhibit apoptosis, which is comparable with that induced by dexamethasone (c and d vs. g and h); in addition, it induces homotypic aggregation of thymocytes in a dosedependent manner (g-l). (C) Electron micrographs of thymocytes exhibiting galectin-9-induced apoptosis. In untreated control (a), an occasional cell (arrow) undergoing apoptosis is seen. In the galectin-9-treated group (b), numerous (50-60%) cells exhibiting apoptosis are seen. Many cells have single dense chromatin mass, some contain two to three round dense apoptotic bodies, while the nuclei of other cells show peripheral compacted chromatin forming crescents (arrows). (D) Fluorescence micrograph of the thymocytes with plasmalemmal-bound exogenous recombinant galectin-9 stained with primary polyclonal and secondary rhodamine-conjugated antibody (red fluorescence, white arrows). The thymocytes undergoing apoptosis are detected by the TUNEL procedure where FITC dUTP was used, and they exhibit green nuclear fluorescence (black/white arrows). Some of the thymocytes exhibit concomitant plasmalemmal binding of recombinant galectin-9 and apoptosis (yellow fluorescence, arrowheads), suggesting that the apoptosis ensued after the binding of galectin-9.
deletion, a number of adhesion molecules, including receptor and counter receptor pairs CD2 and LFA-3, and LFA-1 and intercellular adhesion molecule-1 that are expressed on the thymocytes and thymic epithelial cells, have been shown to participate in cell-cell interactions (44, 45) . In addition to cell surface protein-protein interactions, many investigators have suggested a potential involvement of carbohydrate-protein interactions in thymocyte-thymic epithelial (stromal) cell adhesion processes (3, 22) . In view of the above considerations, the dimeric carbohydrate domains, endowing bivalent binding properties to galectin-9, are ideally suited to accomplish adhesive interactions by bridging of the glycoconjugate molecules expressed on the different cell types. This notion is supported by our experiments in which incubation of mouse thymocytes with r-galectin-9 resulted in the homotypic aggregation of the cells in a dose-dependent manner, although at relatively high concentrations of galectin-9; i.e., 2.5-20 M. In contrast, a dose-dependent induced apoptosis could be achieved at relatively low concentrations of r-galectin-9; i.e., 0.25-2.5 M. This would suggest that apoptosis was induced by cell surface binding of galectin-9 (i.e., carbohydrate-protein interaction) and not subsequent to homotypic cell aggregation. The data with regard to galectin-induced apoptosis of thymocytes is not available in the literature, but PHA-stimulated peripheral T cells in vitro have been shown to undergo apoptosis with the exposure to galectin-1. It is difficult to compare the potencies of two galectins since, in the latter, transformed lymphoblastoid cells were used (23) . However, comparative analyses of the experiments with other apoptosis inducers indicate that galectin-9 is endowed with a potency almost comparable with that of dexamethasone. The mechanism(s) involved in the induction of apoptosis by these agents may be different, but, most likely, galectin-9-induced apoptosis was mediated via binding with specific galactosyl groups since the effect could be competitively inhibited with 0.2 M lactose.
Although all members of the galectin family contain ␤-galactoside binding domains, they do not consistently induce apoptosis. For instance, galectin-3 does not induce apoptosis of the thymocytes (Fig. 5 A) . On the contrary, human T cell leukemia cell line (Jurkat E6-1), transfected with galectin-3 cDNA, has been reported to be not susceptible to Fas-antibody-mediated apoptosis (31) . Interestingly, galectin-3 and Bcl-2 share the NWGR motif, which is highly conserved in Bcl-2 family of proteins (46, 47) . Conceivably, this motif is critical for the lactoseinhibitable intracellular heterodimerization of Bcl-2/galectin-3, and in negating Fas-antibody-mediated apoptosis (31) . Homology alignment has revealed that the NWGR motif overlaps XWGXEER-conserved sequences of the galectin family, and thus the observed opposing biological effects of galectin-3 vs. galectin-1 or -9 are rather intriguing. The motif in the overlapping segments of galectin-1 is AWGT, and that of galectin-9 are QWGP and SWGQ in the respective NH 2 -and COOHterminal carbohydrate binding domains. Therefore, one may speculate that the differential effects may be related to the NWGR motif, which is exclusively present in galectin-3. Certainly, further site-directed mutagenesis studies are needed to map various regions of galectin-9 that are involved in the process of apoptosis. Lastly, the biological effects may also vary with the level of expression and tissue distribution of a given galectin. Galectin-9 is constitutively and abundantly expressed in the thymic epithelial cells, whereas galectin-3 is present in low levels in the T cells and its expression is upregulated by CREB and nuclear factor-B, and in transformed cells (31, 48, 49) .
Although galectin-9 binding was mediated via ␤-galactosyl groups (vide supra), direct evidence for the galectin-9-induced apoptosis after its binding with the thymocytes was provided by the immunofluorescence studies. A uniform plasmalemmal binding of galectin-9, associated with numerous thymocytes undergoing concomitant apoptosis in vitro, was observed with its addition in the culture medium. As to the events related to the in vivo thymic biology of galectin-9, one may speculate that it binds to the glycoconjugate receptor(s) on the thymocyte surface after its secretion from thymic epithelial cells, or, alternatively, it may mediate its bridging effect while being still bound to the thymic epithelium via its putative counter receptor. The nature of such a counter receptor(s) that is involved in the galectin-9-induced apoptosis remains to be investigated. The potential candidate(s) for the counter receptor(s) may include leukosialin (CD43) or leukocyte common antigen (CD45) since both bind to other galectins (i.e., galectin-1, reference 20), and CD45 has been proposed to participate in apoptosis (50) .
In conclusion, these studies indicate that galectin-9 has a broad tissue distribution with exclusively high expression in the developing thymus where it conceivably plays an essential role in the clonal deletion of T cells via thymic epithelial cellthymocyte interactions leading to apoptosis.
